Introduction
once injected into the heart, myoblasts differentiate into myotubes, and thus, are not coupled to neighbouring cardiomyocytes [3, 4] . Interestingly, transplanted myotubes are able to contract spontaneously occasionally, but these contractions do not spread to neighbouring cardiomyocytes [2] . In vitro and ex vivo studies have shown that a mixture of myotubes and cardiomyocytes without sufficient functional gap junctions results in slower conduction velocities and greater tissue heterogeneity [5, 6] . Such heterogeneity predisposes to wave breaks and re-entry, both key elements for inducing ventricular arrhythmias [7] .
Recently, in a well-designed study using an in vivo infarcted mouse model, Roell et al. showed that cardiac transplantation of myoblasts from transgenic mice overexpressing connexin43 (Cx43, the main cardiac gap junction protein) not only eliminates myoblast pro-arrhythmogenic effect but also provides potent protection against ventricular arrhythmias [8] . They concluded that an increase in intercellular coupling by cell-based therapy may be an effective therapy to prevent post-infarction ventricular arrhythmias [8] .
In a previous study [9] ,
we transplanted autologous myoblasts or autologous bone marrow cells into infarcted heart of Wistar rats. Like Roell et al., using in vivo programmed electrical stimulation (PES), we showed that transplantation of myoblasts but not of bone marrow mononuclear cells increases arrhythmia induction. As a follow up, the purpose of this new study was to evaluate arrhythmogenicity after autologous cell therapy and Cx43 ex vivo gene transfer. This combination of cells and genes represents a clinically relevant and pragmatic approach to Roell's hypothesis. Despite electrical coupling between transplanted cells and host cardiomyocytes (as demonstrated by Roell and confirmed in our study), we did not observe any reduction in post-infarct arrhythmias.

Materials and methods
Experimental model
All animal experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National
Institute of Health (NIH Publication No. 85-23, revised 1996) .
Autologous myoblasts were injected into the infarcted area of the myocardium of Wistar rats 7 days after coronary ligation. As previously described, intramyocardial injections of a total of 10 ϫ 10 6 autologous myoblasts were performed under direct observation via left thoracotomy [9] . Myoblast primary cultures were sourced from tibialis anterior muscles of male Wistar rats as previously described [9, 10] . [12] .
Lentivirus vector construction and production
A self-inactivating HIV-derived gene-transfer plasmid (pHR'-CMV-
Real time RT-PCR
In vivo programmed electrical stimulation
Ventricular electrical instability related to cell transplantation was evaluated in all groups using the PES procedure, as described previously [9] . Briefly (Fig. 1a) . Wpre gene expression was detected only in Cx43-transduced myoblasts 6 days after Cx43-and null-transduction (Fig. 2b) (Fig. 3a) (Fig. 3b-h Fig. 4a) . Additionally, the percentage of newly inducible rats did not differ among groups (Fig. 4b) (Fig. 5a ) and from healthy non-infarcted myocardium (Fig. 5b) Fig. 5a and g 
Data analyses
Data were expressed as mean Ϯ S.E.M. and frequencies (expressed as percentages
days after lentivirus vector transduction (n ϭ 9). (c) Cx43 gene expression from day 14 to day 35 post-transduction in null-(dotted line) and Cx43-transduced myoblasts (solid line, n ϭ 3 for both groups). * indicate P
. In each group, ECG parameters of rats that underwent sustained VT during PES did not differ from those that did not show sustained VT (not illustrated). Mortality was similar in control, null or Cx43 groups (42%, 50%, 43%, respectively, P ϭ 0.87).
Ex vivo measurements of intramural monophasic action potentials
), while the longer MAPs recorded in the infarct compared well to MAPs recorded in healthy cardiac muscle (MAP duration 55.1 Ϯ 2.4 ms, P ϭ 0.96, n ϭ 16). No such short MAPs were recorded in the non-transplanted area of the heart, strongly suggesting that the short MAPs reflected electrical activity of transplanted skeletal muscle cells, while the longer MAPs reflected electrical activity of host cardiomyocytes.
In myocardium transplanted with null-transduced myoblasts, skeletal muscle cell MAPs and myocardial electrograms were not synchronized ( Fig. 5e and h Fig. 5f and i 
Discussion
In this study, using an in vivo model of cardiac cell and gene therapy with autologous myoblasts (in which arrhythmic risk related to myoblast transplantation has been previously evaluated [9]), ex vivo Cx43 gene transfer prior to intramyocardial transplantation enhances Cx43 expression and in vivo electrical coupling between transplanted myoblasts and host cardiomyocytes. However, in our model, © 2009 The Authors Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
Fig. 3 In vivo Cx43 and Wpre gene expression, following ex vivo lentivirus vector transduction and intramyocardial transplantation. (a) Wpre expression in myocardium transplanted with Cx43 transduced myoblasts. (b-h) Section of left ventricle transplanted with Cx43-transduced myoblasts, in fluorescent microscopy (b-e) and in confocal microscopy (f-h), using immunolabelling against the fast skeletal myosin heavy chain (b and f) and Cx43 (c and g). Cell nuclei were labelled with DAPI (d). (e) Superposition of the (b)-(d) panels. (h) Superposition of the (f) and (g) panels.
Cryosections were performed within the infarcted area, 14 days after myoblast transplantation. 
Fig. 5 Ex vivo intramural electrophysiological recordings. Recordings were performed using a sharp, tungsten needle electrode that recorded both local monophasic action potentials (MAPs) and remote electrograms. (a) MAPs from rat tibialis anterior muscle (paced at 250-ms intervals); stars indicate fast spikes of 5 to 10 ms length, typical for skeletal muscle. (b) MAPs from healthy myocardium in the left ventricular free wall. Diamonds indicate typical rat cardiac MAPs of 80 ms duration. (c, d) Electrograms within the infarcted myocardium area (triangles), 14 days after intramyocardial transplantation of nulltransduced myoblasts (c) or of Cx43-transduced myoblasts (d). The MAP-needle only recorded the electrograms of remote ventricular activity, as indicated by the triangles. (e, f) MAPs and electrograms from the same infarcted regions as in (c) and (d), but in the transplanted area. Asterisks and triangles indicate MAPs from skeletal muscle cells and electrograms from remote non-infarcted myocardium, respectively. Note the synchrony between MAPs from skeletal muscle cells (asterisks) and ventricular electrograms (triangles) in the Cx43 group. The extracellular complex (triangle) in tracing f was remote. The small deflection prior to the MAP signal (arrows) suggests that myocardial activation preceded myoblast activation, which suggests, but does not prove, that myocytes drove the myoblasts. (g, h, i) enlargement of the recordings (a), (e) and (f), respectively. (j) higher enlargement of the recording (f)/(i).
improved electrical coupling was not sufficient to significantly decrease arrhythmogenicity related to myoblast transplantation.
Several in vitro studies showed that in myoblast/cardiomyocyte coculture models, lentiviral-mediated overexpression of Cx43 in myoblasts was sufficient to induce gap junction formation between both cell types [5, [14] [15] [16] . Although we did not demonstrate gap junction formation in the present study, the functionality of these gap junctions was demonstrated by others, using Western blot analyses and in vitro dye transfer techniques [5, 15, 16] . In our study, gap junction formation and functionality were suggested in vivo by electrical coupling between skeletal muscle cells and cardiomyocytes that occurred only in myocardium injected with Cx43-transduced myoblasts. Cx43 overexpressions in myoblasts and gap junction formation have also been successfully obtained using retrovirus [15] or adenovirus [17] vectors. In contrast with our present study, increased cell death was observed in vivo after Cx43 adenovirus vector transduction and cell transplantation [17] . This was clearly linked to very high vector transduction rate, as usually obtained with adenovirus vectors [18] in contrast to retrovirus or lentivirus vectors. In our study, 50% myoblasts were transduced by the lentivirus vectors, and Cx43 expression increased only 2.5-fold as compared to baseline levels, a level compatible with studies using similar gene transfer conditions [15] . In one study, no Cx43 overexpression was observed after cell transplantation of Cx43 retrovirus vector-transduced myoblasts, an observation that was linked to promoter silencing [15] [8] , ischemia/reperfusion [20] or even pharmacological models [21] . This suggests that myoblast-induced arrhythmias are not dependent from the myocardial infarction model. As in Roell's study, we did not evaluate spontaneous ventricular tachyarrhythmias, because their frequency is low in rodents [9] . Although in Roell's study VT [9] , an infarct size comparable to that in other studies using the same animal model [22] [24] , an electrical coupling between both cell types might induce locally heterogeneous distribution of action potential duration, another risk factor for arrhythmia [1] [24] .
Although Cx43 expression level in Cx43 lentivirus vectortransduced myoblasts was compatible with in vitro studies using similar gene transfer conditions [5] , it may be ineffective to restore full electromechanical coupling in an injured heart, as expression of other junction proteins such as N-cadherin may also be necessary [27] . Therefore 
